Introduction
============

Programmed cell death (PCD) is a genetically controlled process for the removal of redundant, misplaced, or damaged cells, and is associated with common morphological and biochemical changes during the development of multicellular organisms ([@bib21]; [@bib19]; [@bib48]). PCD is also an integral part of the life cycle of multicellular organisms, including animals and plants ([@bib16]). This process can be induced by various stimuli, such as developmental signals and environmental cues ([@bib59]). PCD occurs in plants during developmental processes, such as embryogenesis, development of vascular tissues, senescence, and sex determination in unisexual plants, as well as during interactions with pathogens ([@bib24]).

Senescence, or ageing, is the final stage of development and precedes cell and organ death. Petal senescence, tightly regulated developmentally, is considered to be a genetically programmed event that culminates in PCD ([@bib43]; [@bib41]). The processes of senescence and senescence-induced PCD are regulated by a co-ordinated signalling pathway, which is consistent with the view that senescence involves PCD (reviewed by [@bib12]).

Apoptosis, the most widely studied form of PCD, has been investigated in animal cells. The crucial biochemical effectors of apoptotic cell death are the caspases, a family of cysteine proteases. These enzymes are activated during apoptosis and are responsible for the observed morphological changes and lead to cell death. The release of cytochrome *c* (Cyt *c*) from mitochondria to the cytosol is considered to be a prerequisite for apoptosis. Following its release, the cell will die due to the collapse of electron transport, the generation of reactive oxygen species (ROS), and a reduction in ATP generation ([@bib61]; [@bib16]). While these events have been observed in plant PCD ([@bib6]; [@bib22]; [@bib52]), they are not associated with every type of PCD in plants ([@bib37]). The release of Cyt *c* into the cytosol has been reported in *Zea mays* cell suspension following [D]{.smallcaps}-mannose treatment ([@bib46]) and in *Arabidopsis* cell cultures after oxidative stress ([@bib50]). In addition, DNA fragmentation is a characteristic marker of PCD in many plants ([@bib17]; [@bib40]) and has been observed in the flowers of *Actinidia deliciosa* ([@bib10]), the petal and ovary of *Pisum sativum* ([@bib35], *b*), and petals of *Alstroemeria peruviensis* ([@bib58]) and *Petunia inflata* ([@bib59]). Although DNA fragmentation is observed during PCD in many plants, some plant cells show DNA degradation rather than classical DNA laddering ([@bib60]).

Petal senescence, an active process, is a useful model system for studying the molecular mechanisms of organ senescence and requires *de novo* gene expression at both the transcriptional and translational levels ([@bib26]; [@bib32]). Several genes encoding 1-aminocyclopropane-1-carboxylate (ACC) synthase, ACC oxidase, and cysteine proteinase are up-regulated during petal wilting in senescing *Dianthus caryophyllus* (carnation) flowers ([@bib47]). A type of cysteine endoproteinase that may mediate petal PCD has been identified in senescent *Hemerocallis* (daylily) petals ([@bib53]). The biochemical changes and increases in hydrolytic enzymes and respiratory activity, associated with petal senescence that consists of the breakdown of macromolecules, can be used to predict PCD ([@bib43]).

Accelerated generation and/or accumulation of ROS have emerged as important signals in the activation of plant PCD, including petal cells in some species ([@bib43]; [@bib21]; [@bib13]). In contrast, antioxidant enzymes, such as catalase (CAT) and ascorbate peroxidase (APX), both of which are well-known reductants of hydrogen peroxide (H~2~O~2~), are considered to play a role as a defence line against ROS-induced PCD in petals and other organs of the plant ([@bib7]; [@bib43]; [@bib13]). In addition to oxidative stress ([@bib39]), ethylene generation/production that is closely related to abscission ([@bib33]; [@bib41]) and pollination ([@bib59]) have been proposed as signals for PCD during petal senescence. However, even in species-specific ethylene-regulated petal senescence, the primary signal initiating the ethylene cascade remains elusive ([@bib41]). Petals are not usually green, and an early step in their development is a conversion of chloroplasts to chromoplasts. This conversion has been compared with the chromoplasts/gerontoplast transition ([@bib49]), with the suggestion that petals are most similar to senescent leaves. This agrees with the very early cell death seen in flowers ([@bib58]) presumably associated with nutrient mobilization. Although progress in the understanding of PCD in floral organs has advanced, the very early signals responsible for either the initiation or the regulation of PCD during natural petal senescence remain unknown. During apoptosis in animal cells, glucose deprivation, leading to ATP depletion and a fall in energy charge potentials, has been reported as a signal to trigger DNA fragmentation and mitochondrial dysfunction ([@bib11]; [@bib27]). Despite some similarities between animal and plant PCD at a cellular level, few studies have attempted in plants to investigate the relationship between the depletion of intracellular energy and PCD events during the natural senescence process.

The large petals of tulip (*Tulipa gesneriana*) have a lifespan of 2 weeks, running from petal emergence to flower death, and have a repetitive diurnal petal opening and closing movement similar to other spring-blossoming flowering species, such as *Ficaria*, *Galanthus*, and *Crocus* ([@bib55]). Previously, we showed that reversible phosphorylation of aquaporin, the water channel protein in the plasma membrane, and water transpiration are involved in temperature-dependent opening and closing of young tulip petals ([@bib3], *b*, 2007). Although this movement is physiologically interesting during tulip petal development, it is significantly lost after the third day of petal opening. Accordingly, it was hypothesized that the onset of PCD of petals caused the loss of the ability for petal movement, and an attempt was made to identify the very early signal for initiating PCD. In the study reported herein, tulip petal PCD was characterized during its entire floral life by evaluating a number of parameters, and the possibility is discussed that depletion of intracellular energy sources, rather than oxidative stress or ethylene production, triggers PCD in the early stage of tulip petals, as has been described in apoptosis in animal cells ([@bib11]; [@bib27]; [@bib51]).

Materials and methods
=====================

Plant materials and growth conditions
-------------------------------------

Ten bulbs of tulip (*T. gesneriana* L. cv. Ile de France) were sown per plastic box (length = 65 cm, width = 22 cm, height = 19 cm) containing a mixture of soil used for flower plantation. In the mixture of soil, the ratio of potting compost (Juntendo Co. Ltd, Japan) to organic phosphoric and compound fertilizers (Juntendo Co. Ltd, Japan) was 3:1. The plastic boxes planted with tulip bulbs were kept in an open place near the greenhouse where the outdoor temperature was --2 °C to 8 °C from November to February. Boxes were watered once every 2 d if there was no rain or snow in the interim. Following the first day of bud emergence, tulip plants were date-tagged and then grown in the greenhouse. Each day, the temperature was set at 20 °C for 8 h during daylight to initiate petal opening and to maintain the open state, and at 5 °C for 16 h from the late evening to early morning to cause petal closing and to maintain closure. Plants were watered once every 2 d. To investigate the time-course of morphological and molecular changes, the lifespan of the corolla was divided into several stages: bud 1 (B1), bud 2 (B2), and bud 3 (B3) before petal opening, and 0-, 3-, 6-, 9-, 12-, and 14-d-old flowers after petal opening ([Fig. 1a](#fig1){ref-type="fig"}), with the first day of petal opening being designated as day zero. Based on the similar size of buds, at least three sets (in each set, *n*=5) of plants were selected for observation or sample collection. To record the observations for morphological changes, the whole bud or flower was imaged by a Nikon digital camera (model Coolpix2000; Nikon Imaging Products Division, Tokyo, Japan). Samples of buds or petals of each stage were frozen with liquid N~2~ and stored at −80 °C until required.

![Morphological changes during the lifespan of petals in intact plants. (a) Different stages during the lifespan of corolla in intact plants (a typical observation, *n*=5); (b) Chlorophyll (filled diamonds) and anthocyanin (filled triangles) contents in buds and petals (mean ±SEM, *n*=5); (c) petal movement capability (filled diamonds) and fresh weight (FW) (filled triangles) of petals (mean ±SEM, *n*=5).](jexbotern066f01_4c){#fig1}

Chemicals
---------

All chemicals were obtained from Wako Pure Chemical Industries, Osaka, Japan, unless noted otherwise. Primary antibody for Cyt *c* and avidin--peroxidase conjugate (secondary antibody) were obtained from Sigma-Aldrich Co., USA.

Experimental design and statistical analysis of the data
--------------------------------------------------------

To investigate the morphological and biochemical events during the time-course of tulip petal senescence, intact and cut flowers were used. All of the study parameters reported herein were carried out with the intact flowers. For some specific study parameters, cut flowers were used in addition. In the case of investigations with cut flowers, at day 0 of petal opening, flowers with petals of similar sizes whose stem length without any leaves was 10 cm were cut from intact plants. The cut flower experiments involved two treatment groups: a control group kept in distilled water (dH~2~O) and a group maintained in dH~2~O supplemented with 10 mM sucrose. The control and sucrose-supplemented groups were incubated in the greenhouse. The daily temperature cycle in the greenhouse was identical to that described previously for the cultivation of the intact plants. The growing solutions were replaced every 12 h. Both groups of flowers were observed each day for analysis of morphological study parameters, such as petal movement capability, wilting, and the floral lifespan. All petals from 0-, 3-, 6-, 9-, and 12-d-old flowers (*n*=5) of each group were collected, frozen in liquid N~2~, and stored at --80 °C until required for analysis of biochemical study parameters, such as determination of adenosine nucleotide (ANT) contents for adenylate energy charge (AEC) analyses, DNA fragmentation, DNase activity, and Cyt *c* release from mitochondria to the cytosol.

For statistical comparison, Student\'s *t*-test was used. *P*-values \<0.05 were considered to be statistically significant. Data are given as the mean ±SEM or as noted in the figure legends.

Petal movement and FW measurement
---------------------------------

The method for analysing petal movement has been described previously ([@bib3]). In brief, the apertures of opposite petals in the open state at 20 °C and the closed state at 5 °C were measured. The opposite petal apertures in the closed state on the previous night were subtracted from those in the open state on the following day to determine the opening of petals on that day. The petal movement capability on a specified day was normalized to that of day 0. For fresh weight (FW), five corollas (whole bud or flower) without any stem harvested at the B1, B2, B3, 0-, 3-, 6-, 9-, 12-, and 14-d-old stages were weighed immediately, frozen in liquid N~2~, and kept at --80 °C until required.

Determination of chlorophyll and anthocyanin content
----------------------------------------------------

Frozen buds or petals were ground to a fine powder in liquid N~2~ and extracted with ice-cold 80% acetone in 2.5 mM sodium phosphate buffer, pH 7.8. The extracts were centrifuged at 15 000 *g* at 4 °C for 15 min and the supernatant was used for spectrophotometric determination of chlorophyll and anthocyanin contents. For anthocyanin, the absorbance (*A*) was set at 565 nm (ε~565~=14.2 mM^−1^ cm^−1^). Chlorophyll was determined according to the following formula: chlorophyll *a* + *b* \[μg ml^−1^\] = *A*~645~×20.3 + *A*~663~×8.02 ([@bib38]).

ANT analysis using high-performance liquid chromatography (HPLC)
----------------------------------------------------------------

ANTs were extracted from buds or petals with 5% (w/v) trichloroacetic acid (TCA), using a method described previously ([@bib45]). Following centrifugation, the supernatant was treated five times with an equal volume of diethyl ether to remove the acid before filtering it through a 0.45 μm Millipore filter. HPLC analysis of the filtered supernatant was performed with a Hitachi HPLC system, D-2000 Elite (Hitachi, Japan) equipped with a UV monitor and a Chromato Processor (Hitachi, Japan). An anion exchange column (Hitachi Packed column \#3013-N) was used at a flow rate of 0.5 ml min^−1^ at 60 °C under a pressure of \<10 MPa. The AEC level was determined using the formula AEC=(ATP+0.5ADP)/(ATP+ADP+AMP) ([@bib62]).

Protein extraction and quantification
-------------------------------------

For protein extraction, frozen tissues were homogenized at 4 °C in ice-cold homogenization buffer \[25 mM TRIS-HCl, pH 7.5, 0.2 M sucrose, 1 mM dithiothreitol (DTT), 2 mM EDTA, 2 mM EGTA, 15 mM β-mercaptoethanol, and 0.1% (w/v) bovine serum albumin (BSA)\] using a chilled mortar and pestle. A 2 ml aliquot of homogenization buffer was used per gram of tissues. The homogenate was then filtered through four layers of cheesecloth and the pH of the filtrate was adjusted to 7.5 with concentrated TRIS-HCl buffer. After successive centrifugation of the filtrate at 3000 *g* for 5 min and at 13 000 *g* for 15 min, the resulting supernatant was used as total protein extract. Protein concentration was determined by the Bradford assay (1976) (Bio-Rad Laboratories, Hercules, CA, USA) using BSA as the standard.

DNA fragmentation analysis
--------------------------

DNA was extracted from petals of every stage by using the DNeasy Plant Minikit (QIAGEN, Valencia, CA, USA) according to the manufacturer\'s instructions. An aliquot (5 μg) of extracted DNA was electrophoresed onto a 1.4% agarose gel, stained with ethidium bromide, and observed under UV illumination (UVP BioImaging System, USA) equipped with an Olympus digital camera (model C-3040ZOOM, Olympus Optical Co. Ltd, Tokyo, Japan).

In-gel DNase activity assay
---------------------------

An equal amount of total protein (20 μg) from petals of every stage was used for electrophoresis on 12.5% SDS--polyacrylamide gels. The resolving gel contained 15 μg ml^−1^ salmon DNA as the substrate. Following electrophoresis, DNase activity in-gel was detected according to the method described previously ([@bib59]).

Cellular fractionation and immunoblotting
-----------------------------------------

Cellular fractionation was carried out using a method described previously (Xu and Hansen, 2000) with the following modifications. A 2 g aliquot of buds or petals was ground in grinding buffer \[150 mM Tricine-KOH, containing 5% (w/v) sucrose, 5 mM MgCl~2~, 5 mM KCl, and 5 mM EDTA; pH 7.5\] for 1 min at 4 °C. Extracts were filtered through four layers of cheesecloth, and the filtrate was centrifuged at 1600 *g* for 5 min at 4 °C. The resultant supernatant was then centrifuged at 16 000 *g* for 15 min at 4 °C. Following the second centrifugation, the supernatant thus obtained was considered to represent the cytosolic fraction. Total protein (10 μg) in the cytosolic fraction was separated on a 12.5% SDS--polyacrylamide gel, and immunoblotting was performed according to the method described by [@bib3] using monoclonal anti-Cyt *c* as the primary antibody and avidin--peroxidase conjugate as the secondary antibody.

APX and CAT activities
----------------------

Buds or petals (200 mg) were ground with 3 vols (w/v) of grinding buffer \[50 mM potassium phosphate, 1 mM EDTA, 1 mM [L]{.smallcaps}(+)-ascorbic acid; pH 7.0\] for 1 min at 4 °C, and centrifuged at 12 000 *g* for 10 min at 4 °C. The activities of APX and CAT in the supernatant were determined using the methods described by [@bib28] and [@bib9], respectively.

Measurement of H~2~O~2~ content
-------------------------------

H~2~O~2~ content was quantified by chemiluminescence ([@bib18]). Tissues of buds or petals (0.5 g) were ground in liquid nitrogen and extracted in 3 ml of ice-cold 5% (w/v) TCA. The crude extracts were centrifuged for 15 min at 8000 *g*, and 0.5 ml of supernatant was passed through a column, previously equilibrated with 5% TCA, containing 1.0 g of Dowex resin (1-X2, 200--400 mesh, Cl form, Dow Chemical Company, MI, USA). The column was washed with 3.5 ml of 5% TCA, and all eluates were pooled. The H~2~O~2~ content was measured by adding 0.5 ml of eluate to a solution containing 0.2 ml of 1 M 2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimidazo\[1,2-a\]pyrazin-3-1 hydrochloride and 0.01 ml of 10 mM Fe~2~SO~4~, and the volume was made up to 2.0 ml with 0.2 M NH~4~OH, pH 10.0.

Determination of protease activity
----------------------------------

Protease activity was measured using azo-casein as the substrate based on the method described previously ([@bib44]). A 250 mg aliquot of frozen tissues of buds or petals from every stage was homogenized at 4 °C in 3 vols of ice-cold buffer (100 mM TRIS-HCl, pH 7.5, and 15 mM β-mercaptoethanol). After successive centrifugation of the homogenate at 3000 *g* for 5 min and at 13 000 *g* for 15 min, the resulting supernatant was used for protease assay. To study the effects of protease inhibitors, the sample was pre-treated at room temperature for 1 h with 1 mM phenylmethylsulphonyl fluoride (PMSF) or 0.1 mM leupeptin, and the residual proteolytic activity was measured.

Measurement of ethylene production
----------------------------------

The rate of ethylene production by the whole flower kept in water was measured by enclosing the flowers in 960 ml airtight polypropylene containers (one flower per container) for 24 h at 20 °C. A 1 ml gas sample was taken into a hypodermic syringe from the container through a rubber septum in the lid of the container, and analysed with a gas chromatograph (Shimadzu, GC-14APS, Japan) equipped with a flame ionization detector and an activated alumina column.

Results
=======

Morphological changes during the time-course of petal senescence in intact plants
---------------------------------------------------------------------------------

The developmental stages of the tulip from the bud to the flower and the changes in morphological characteristics of the petals are shown in [Fig. 1a](#fig1){ref-type="fig"}. Almost 100% of the B1 buds and ∼75% and 25% of the B2 and B3 buds were green from the bottom. In the 0-d-old petals, the proximal portion, near the peduncle, was green while the remainder was only pigmented. This green colour disappeared completely in the 3-d-old petals. The analysis of chlorophyll and anthocyanin contents during petal development confirmed this observation ([Fig. 1b](#fig1){ref-type="fig"}). The growth of petals from bud to flower coincided with an increase in FW and preceded petal development ([Fig. 1c](#fig1){ref-type="fig"}). By day 6, the average FW of petals had increased ∼2-fold when compared with the FW in 0-d-old petals. The FW began to decrease from day 9 onwards, suggesting the start of wilting that may be associated with the loss of turgor. However, apparent wilting was observed morphologically on day 12 ([Fig. 1a](#fig1){ref-type="fig"}). Following the start of wilting, the petals began to lose pigment, and on day 14, petals became detached from their receptacles. Tulip petals exhibit a diurnal rhythm, opening during the day and closing at night. However, this movement was only significant until day 6. [Figure 1c](#fig1){ref-type="fig"} describes the time-dependent changes in petal movement capability (the ability to repeat the temperature-dependent cycle of petal opening and closing during the day and night, respectively). The movement capability of petals increased 3-fold on day 3, which indicates full ability to open and close. After day 3, older flowers began to respond less to the temperature, because the ability of the petals to move was noticeably lower than that of younger flowers.

Observation of DNA degradation and divalent cation-dependent DNase activity during petal senescence in intact plants
--------------------------------------------------------------------------------------------------------------------

[Figure 2a](#fig2){ref-type="fig"} shows that nuclear DNA remains unfragmented until day 3. The integrity of nuclear DNA remained intact on days 4 and 5 (data not shown). However, DNA degradation was observed on day 6 and was present in all the subsequent stages. The assay for DNase activity revealed a single band at approximately the 30 kDa position ([Fig. 2b](#fig2){ref-type="fig"}). DNase activity was first detected in 3-d-old petals, gradually increased with petal development, and reached a plateau after day 6.

![DNA fragmentation and DNase activity during the time-course of petal senescence in intact plants. DNA fragmentation (a) and DNase activity (b) were determined as described in the Materials and methods. The typical results of repeated experiments (*n*=5) are shown.](jexbotern066f02_ht){#fig2}

Since Ca^2+^ and Mg^2+^ have been shown to enhance DNase activity during petal senescence ([@bib59]), the effects of divalent cations on its activity in the extract from 14-d-old petals were investigated. Enzyme activity was detected in buffer containing 20 μM CaCl~2~ and 10 μM MgCl~2~, and was not enhanced when the concentrations of either calcium or magnesium were increased to as high as 1 mM (data not shown), indicating that the concentration of bivalent ions in the basic buffer was at a saturation level. The addition of 1 mM EDTA to the buffer inhibited DNase activity completely, and the activity could not be restored by adding either CaCl~2~ or MgCl~2~.

Cyt *c* is released and ATP depletion occurs at the early stage of petal senescence in intact plants
----------------------------------------------------------------------------------------------------

The presence of Cyt *c* in the cytosol was not detected in the B1, B2, and B3 stages ([Fig. 3a](#fig3){ref-type="fig"}). Cyt *c* could be detected in the cytosolic fraction prepared from 0-d-old petals, but became prominent in 6-d-old petals and subsequent stages ([Fig. 3a](#fig3){ref-type="fig"}).

![Appearance of cytochrome *c* in the cytosol (a) and ANT contents (b) during the lifespan of tulip petals in the intact plant. (a) The typical results of repeated experiments (*n*=5) are shown. (b) ATP (filled circles), ADP (filled squares), and AMP (filled triangles) contents are shown in the graph (mean ±SEM, *n*=5).](jexbotern066f03_ht){#fig3}

The generation of the ANT family (ATP, ADP, and AMP), especially ATP, reflects mitochondrial functional activity. High levels of ATP could be measured in B1, B2, and B3 buds, as well as in 0-d-old petals ([Fig. 3b](#fig3){ref-type="fig"}). In 3-d-old petals, the measured ATP level was only about half of that measured in 0-d-old petals. Only trace amounts of ATP were found in the petals in the later stages ([Fig. 3b](#fig3){ref-type="fig"}). Since the intracellular high energy phosphate content is reflected by AEC ([@bib1]; [@bib20]), the AEC was calculated using the levels of ATP, ADP, and AMP. The AEC levels in B1, B2, B3, 0-, 3-, 6-, and 9-d-old petals were 0.923±0.009, 0.877±0.007, 0.857±0.006, 0.848±0.004, 0.802±0.003, 0.730±0.006, and 0.704±0.004, respectively. The values indicated that the buds had a higher energy supply. However, the AEC was maintained at \>0.8 in up to 3-d-old petals.

Oxidative stresses, ethylene generation, and protease activity are evident at the final stages during petal senescence in intact plants
---------------------------------------------------------------------------------------------------------------------------------------

H~2~O~2~ content was almost constant from B1 buds to 0-d-old flowers ([Fig. 4a](#fig4){ref-type="fig"}). In 3-d-old petals, the levels suddenly increased transiently and returned to the previous levels until day 9. On day 12, the levels rose again. On day 14, they fell abruptly to almost 13% of that measured on day 12. Because H~2~O~2~ levels rose suddenly at day 3, its levels were also investigated at days 2 and 4. The levels were close to those measured on days 0 and 6. Because there is a close connection between the endogenous H~2~O~2~ levels and the activities of antioxidant enzymes ([@bib13]), the activities of APX and CAT were measured. Their activities did not change considerably up to the B3 stage ([Fig. 4b](#fig4){ref-type="fig"}). [Figure 4b](#fig4){ref-type="fig"} showed that the activities of these two antioxidant enzymes increased after the B3 stage and reached their highest levels on day 9. After day 9, their activities gradually decreased.

![H~2~O~2~ level and antioxidant enzyme activities in the lifespan of tulip petals in intact plants. (a) H~2~O~2~ contents were the mean ±SEM of four experiments. (b) Ascorbate peroxidase (APX, filled squares) and catalase (CAT, filled circles) activities are the mean ±SEM of five independent experiments.](jexbotern066f04_ht){#fig4}

Although a small amount of ethylene production was evident in 12-d-old petals, a considerable level of ethylene was measured only in the late stage associated with petal abscission ([Fig. 5a](#fig5){ref-type="fig"}). There were no significant differences in protease activity from bud to day 9 of petal opening ([Fig. 5b](#fig5){ref-type="fig"}). Protease activity increased conspicuously with the petal wilting on day 12. Protease activity at all stages up to day 9 could not be inhibited by 0.1 mM leupeptin. However, ∼40% of protease activity in 14-d-old petals was inhibited by 0.1 mM leupeptin ([Fig. 5b](#fig5){ref-type="fig"}) and the inhibition was not further increased by higher concentrations of leupeptin. The fact that 1 mM PMSF caused insignificant inhibition suggests that cysteine-type proteases might be involved in the late stage of tulip petal senescence.

![Detection of ethylene production (a) and protease activity (b) during the time-course of petal senescence in intact plants. Samples extracted from 14-d-old petals were used to investigate the effects of protease inhibitors (inset in b). To calculate the inhibition rate compared with the control (without inhibitor), the residual proteolytic activity was measured. Data in both panels are the mean ±SEM (*n*=4).](jexbotern066f05_ht){#fig5}

Sucrose supplementation to cut flowers maintains ATP levels and petal movement capability
-----------------------------------------------------------------------------------------

ATP levels fell dramatically in petals after day 0 ([Fig. 3b](#fig3){ref-type="fig"}), and movement capability (see Materials and methods) also decreased after day 3 ([Fig. 1c](#fig1){ref-type="fig"}). It was shown that petal opening and closing movement in cut flowers can be reproduced by changing the temperature in the dark; petals open at 20 °C and opened petals close at 5 °C ([@bib3]). The effect of sucrose on petal movement capability and ATP levels, as well as AEC, was investigated over the floral lifespan in cut flowers. Three-day-old flowers supplemented with sucrose (10 mM) had a 1.3-fold increased movement capability compared with those treated without sucrose ([Fig. 6](#fig6){ref-type="fig"}). Sucrose supplementation increased petal movement ability progressively up to day 9 (3-fold on day 6 and 6.3-fold on day 9), in contrast to movement measured in flowers incubated in sucrose-free dH~2~O. [Figure 6](#fig6){ref-type="fig"} further shows that the supply of sucrose significantly affects the time-dependent pattern of the petal movement curve by changing the peak from day 3 (in sucrose-untreated flowers) to day 4. This result indicates that a supply of energy is necessary to maintain petal movement. Moreover, sucrose supplementation lengthened the floral lifespan, because morphologically evident wilting was observed on day 13 and petal detachment occurred on day 16. Morphologically evident wilting in cut flowers that were not supplemented with sucrose was observed on day 11 and petal detachment occurred on day 13. [Table 1](#tbl1){ref-type="table"} shows that the flowers supplemented with sucrose maintained a higher level of ATP compared with the control flowers, and the level of AEC was maintained at \>0.8 at all stages until day 9. In contrast, the AEC level dropped below 0.75 after 3 d in the control flowers.

###### 

The effect of sucrose supplementation on the levels of ANT and AEC in petals of cut flowers

  Stages of petals   --Sucrose   \+ Sucrose (10 mM)                                                                   
  ------------------ ----------- -------------------- ------------ ------------- ---------- ------------ ------------ -------------
  0                  12.1±3.8    190.1±18.6           514.7±51.1   0.851±0.003   11.9±3.6   191.8±20.3   517.7±47.8   0.846±0.001
  3                  9.8±3.2     63.2±5.9             117.3±12.3   0.783±0.006   7.2±2.8    76.4±7.1     202.3±21.6   0.842±0.005
  6                  7.1±2.3     54.6±4.7             59.4±6.8     0.717±0.006   2.2±1.2    56.2±6.3     107.4±11.1   0.818±0.006
  9                  4.7±2.1     44.7±4.3             42.5±4.1     0.707±0.009   1.5±1.1    39.1±4.2     69.8±7.4     0.810±0.007
  12                 2.9±1.2     31.5±3.7             26.8±3.4     0.696±0.009   1.3±1.0    25.4±3.1     32.6±3.3     0.749±0.029

Data are the mean ±SEM of three independent experiments.

![Petal movement capability in cut flowers grown in distilled water (filled diamonds) or distilled water containing 10 mM sucrose (filled triangles). Data are the mean ±SEM of five independent experiments.](jexbotern066f06_lw){#fig6}

Sucrose supplementation to cut flowers delays DNA degradation and Cyt *c* release
---------------------------------------------------------------------------------

The effect of sucrose supplementation on the appearance and/or intensities of the DNA degradation, DNase activity, and extent of release of Cyt *c* was investigated in petals of cut flowers. Although DNA degradation in cut flowers without sucrose began on day 3 and became more evident in the subsequent stages, DNA remained almost intact even after day 9 in petals of sucrose-supplemented flowers ([Fig. 7a, b](#fig7){ref-type="fig"}). The appearance of bivalent cation-dependent DNase activity was also delayed by sucrose supplementation and detected minimally on day 6 ([Fig. 7d](#fig7){ref-type="fig"}). In contrast, the petals collected from flowers kept in sucrose-free water showed readily detectable DNase activity from day 3 ([Fig. 7c](#fig7){ref-type="fig"}). [Figure 7f](#fig7){ref-type="fig"} shows that the amount of Cyt *c* released into the cytosol did not increase significantly up to day 6 in petals from sucrose-supplemented flowers. The figure also shows that the amount of cytosolic Cyt *c* in 6-d-old petals of sucrose-treated cut flowers seemed to be only about a quarter of the amount of cytosolic Cyt *c* in petals of sucrose-untreated flowers ([Fig. 7e](#fig7){ref-type="fig"}).

![Analysis of DNA fragmentation, DNase activity, and cytosolic Cyt *c* in petals of cut flowers. DNA fragmentation was analysed at each stage of petals when flowers were grown without sucrose (a) and with 10 mM sucrose in distilled water (b), and the extent of DNase activity was determined when grown without sucrose (c) and with 10 mM sucrose (d). Cytosolic Cyt *c* was probed with anti-Cyt *c* in petals of each stage when flowers were grown without sucrose (e) and with sucrose (f). (a--f) Representative results of repeated experiments (*n*=4) are shown.](jexbotern066f07_ht){#fig7}

Discussion
==========

Morphological changes concur with biochemical features in PCD
-------------------------------------------------------------

Comparing the time-courses of different parameters over the senescence period provided a better understanding of natural senescence in tulip petals. This study reports that the biochemical features of PCD coincided with the morphological changes during the floral lifespan of tulip.

DNA fragmentation is a hallmark trait for PCD in many plant cells, including pollination-induced petal senescence in *Petunia inflata* ([@bib59]), natural petal senescence in *Pisum sativum* ([@bib36]) and *Sandersonia aurantiaca* ([@bib14]), and harvest-induced senescence in *Brassica oleracea* ([@bib12]) and *Asparagus officinalis* ([@bib15]). However, the time at which DNA fragmentation begins may vary depending on the type of plant and plant organ, and becomes apparent earlier in the induced senescence than in natural senescence ([@bib12]). In natural petal senescence of *P. inflata* (Xu and Hansan, 2000), DNA fragmentation was evident at day 6 after flower opening, and, prior to visible wilting, DNA degradation was reported in petals of *Antirrhinum majus*, *Argyranthemum frutescens*, and *Petunia hybrida* ([@bib60]). It was possible to detect the onset of DNA degradation at day 6 when petal movement capability in the intact plant was very low. These results indicate that DNA fragmentation or degradation may be a common feature associated with petal senescence. DNA fragmentation, in both animals and plants, is catalysed by a number of endonucleases, and even a single DNase is sufficient to degrade single- or double-stranded DNA ([@bib23]; [@bib59]). The bivalent cation-dependent DNase activity ([Fig. 2b](#fig2){ref-type="fig"}) is a feature in the floral senescence of many plants ([@bib43]; [@bib59]). However, the timing of DNase expression in natural petal senescence may be species specific ([@bib25]). In this study, the DNase activity observed from day 3 may be related to the onset of DNA degradation that was detected at day 6.

In apoptosis, release of Cyt *c* from the mitochondria into the cytosol precedes any morphological changes ([@bib61]). This study shows that the translocation of Cyt *c* into the cytosol started at day 0 of petal opening following the disappearance of chlorophyll ([Figs 1a, b, 3a](#fig1 fig3){ref-type="fig"}). The translocation of Cyt *c* into the cytosol was detected during stress-induced PCD of other plants ([@bib6]; [@bib46]; [@bib50]). In *PET1* cytoplasmic male sterility of sunflower, there is Cyt *c* release into the cytosol followed by changes in cell morphology, loss of outer mitochondrial membrane integrity, and fall in the respiratory control ratio ([@bib5]).

Results in this study indicate that a low level of H~2~O~2~ may be generated in the early stages of petal senescence ([Fig. 4a](#fig4){ref-type="fig"}). The threshold H~2~O~2~ may be required for biosynthesis and development-related modifications of the structural components of cell walls ([@bib42]), as well as in cell signalling as a second messenger ([@bib29]). The transient increase of H~2~O~2~ levels in 3-d-old petals may be under the control of antioxidant enzymes or ROS scavengers to minimize cytotoxicity ([@bib52]) since the APX and CAT activities increased after the B3 stage and are maintained up to day 9 ([Fig. 4b](#fig4){ref-type="fig"}). The ROS/H~2~O~2~-dependent PCD may depend on the location, timing, and level of ROS/H~2~O~2~ production, and cannot be effective as long as the antioxidant enzymes are maintained in cells at sufficient levels ([@bib52]; [@bib13]; [@bib29]). Because the activities of APX and CAT decreased after day 9 and the H~2~O~2~ level again increased, this relationship supports the notion that the ROS-dependent PCD may not be active in the early stages of tulip petal senescence.

Ethylene is a clear regulator of petal senescence in carnation, *Petunia*, tobacco, and orchids following contact between pollen and the stigmatal surface; however, it appears to play little or no part in senescence of other species including lilies such as *Hemerocallis* and *Alstroemeria* ([@bib56]; [@bib41]). The abscission-associated ethylene production by tulip petals reported here coincided with the production of ethylene in carnations, resulting in wilting of the flower ([@bib33]; [@bib54]; [@bib41]). The cysteine-type protease activity following the wilting of tulip petals is consistent with cysteine proteinase expression during the onset of petal wilting in carnation flowers undergoing natural senescence ([@bib47]). However, the timing of expression of this cysteine protease is much later than in *Alstroemeria* ([@bib57]) and *Hemerocallis* ([@bib53]).

Exogenous energy source supplementation delays petal senescence and the onset of PCD-associated biochemical markers
-------------------------------------------------------------------------------------------------------------------

Supplementation of exogenous sugars to cut flowers generally delays visible senescence in petals of many flowers such as *Sandersonia* sp., *Iris* sp., and carnations (reviewed by [@bib54]). However, the extent of delay in visible senescence by sugar feeding differs considerably depending on plant species. For example, exogenous sugar in cut flowers delayed it by ∼7, 2, and 0.5 d in carnation, *Sandersonia* sp., and *Iris* sp. flowers, respectively (controls have a lifespan of ∼7, 7, and 4 d, respectively). In addition to visible senescence, sugar supplementation delays the rise in ethylene production in carnation petals and expression of the protease gene associated with PCD in *Sandersonia* sp. petals (reviewed by [@bib54]). In this study, sucrose supplementation to cut flowers restored and maintained the temperature-dependent movement ability of petals for as long as day 9 ([Fig. 6](#fig6){ref-type="fig"}), and delayed visible petal senescence by at least 2 d and 4 d compared with petal senescence in intact plants and cut flowers without sucrose, respectively. These results suggest that transport activity in stems remains almost intact. The levels of AEC were maintained for 9 d following sucrose feeding. The onset of DNA degradation, DNase activity, and the release of Cyt *c* from mitochondria to the cytosol in petals was delayed by incubating cut flowers with sucrose. The longer floral lifespan in sucrose-treated cut flowers might be due to the delay in appearance of these PCD events. Results in this study therefore show that energy source supplementation to cut flowers delays the appearance of important biochemical events reported in different types of plant PCD and apoptosis in animal cells (Xu and Hansen, 2000; [@bib31]; [@bib27]; [@bib10]). Indeed, a threshold level of AEC of ∼0.8 may be necessary to maintain the capability of petals of intact plants to open and close ([Figs 1c](#fig1){ref-type="fig"}, [3b](#fig3){ref-type="fig"}). Although cut flowers incubated without sucrose supplementation exhibited maximum petal movement capability on day 3, this capability was lower than observed in the flowers of intact plant ([Figs 1c](#fig1){ref-type="fig"}, [6](#fig6){ref-type="fig"}). Morphologically evident petal wilting in sucrose-untreated cut flowers occurred earlier than in flowers of intact plants. Moreover, ATP and AEC levels in the petals of these flowers were lower than those in petals of intact plants ([Fig. 3b](#fig3){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). These differences may be due to the presence of leaves in the intact plant. In addition, perhaps the parameters of PCD (DNase activity, DNA degradation, and Cyt *c* release) appeared earlier or became more extensive in sucrose-free cut flowers than in petals of intact plants because of the absence of leaves and lower levels of ATP and AEC. Little information is available, however, to address whether cell death in petals on intact plants would be triggered by energy source depletion. Petal senescence in uncut flowers has rarely been studied, and seldom has a comparison been made between senescent petals on cut flowers and senescent petals that remain attached to the plant. Our present study demonstrates a comparison of some study parameters (discussed above) between petal senescence in intact plants and in cut flowers. This comparison supports the hypothesis that energy depletion triggers PCD events through a similar pathway in the early stage of petal senescence in cut and uncut flowers.

Intracellular energy depletion is a primary early signal for PCD during tulip petal senescence
----------------------------------------------------------------------------------------------

The results reported here seem to suggest that PCD in the very early stage of tulip petal senescence might be triggered by signals other than ethylene, H~2~O~2~, and proteinase activity. The loss of chlorophyll and RuBisCO (data not shown) during bud development indicates chloroplast transition to chromoplasts ([@bib49]). The release of Cyt *c* from mitochondria to the cytosol is an indicator of mitochondrial disintegration. The decrease in activity of Cyt *c* oxidase, an indicator for the activity of respiration, was observed in petals on day 3 (data not shown), which suggests the inactivation of photosynthetic as well as respiration activities after flower opening. ATP is necessary to prevent DNA fragmentation ([@bib31]), and to maintain mitochondrial transmembrane potential ([@bib27]) and cell volume regulation by an ATP-regulated ion channel ([@bib34]). However, all these events are evident only in animal cells. Although the natural and induced senescence process in leaves has been characterized by a decline in photosynthetic capacity, chlorophyll destruction, visible leaf yellowing, and down-regulation of photosynthetic genes ([@bib30]), there have been few reports on energy or ATP levels correlating with plant PCD and/or senescence. Data collected in this study showed that maintaining a supply of energy using sucrose to cut tulip flowers could (i) generate ATP; (ii) maintain the level of AEC; (iii) delay the onset of DNA degradation and increased DNase activity; and (iv) lower the extent of mitochondrial Cyt *c* release, which will result in a longer floral lifespan. These data shown herein are consistent with the hypothesis that intracellular energy depletion or ATP deficiency plays the primary role as a signal to induce PCD in the early stage of tulip petal senescence.
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